Conductance-Driven Change of the Kondo Effect in a Single Cobalt Atom 



(N 

O 

(N 

^3 



D.-J. Choi/ M. V. Rastci/ P. Sinion,^ and L. Limot^^B 

^Institut de Physique et Chiraie des Materiaux de Strasbourg, Universite de Strasbourg, CNRS, 67034 Strasbourg, France 
^ Laboratoire de Physique des Solides, Universite Paris-Sud, CNRS, 91405 Orsay, France 

(Dated: June 20, 2012) 

A low-temperature scanning tunneling microscope is employed to build a junction comprising a 
Co atom bridging a copper-coated tip and a Cu(lOO) surface. An Abrikosov-Suhl-Kondo resonance 
is evidenced in the differential conductance and its width is shown to vary exponentially with the 
ballistic conductance for all tips employed. Using a theoretical description based on the Anderson 
model, we show that the Kondo effect and the total conductance are related through the atomic 
relaxations affecting the environment of the Co atom. 

PACS numbers: 73.63.Rt,72.15.Qm,68.37.Ef,73.20.Fz 
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The Kondo effect offers the unique opportunity of 
studying electron correlations in a single object, which 
are of importance to the emerging field of spintronics 
where partially filled d or / shells play a central role. This 
many-body effect arises due to spin-flip processes involv- 
ing a localized spin carried by an impurity and the elec- 
tronic spins of the host metal. The Kondo effect has been 
successfully evidenced through a zero-bias anomaly, also 
known as the Abrikosov-Suhl-Kondo (ASK) resonance, 
in the conductance of lithographically defined quantum 
dots [HIH, carbon nanotubes Q, or single molecules 
coupled to metallic electrodes. 

A fine tuning of the impurity-electrode hybridization 
could provide an interesting way to test the impact of 
structural changes on Kondo correlations 0, To date, 
however, the lack of control over this hybridization has 
resulted in a strongly device-dependent effect. It was 
recognized quite early — for example, by exerting an 
hydrostatic pressure on the host crystal 0] — that the 
Kondo effect is in fact exponentially sensitive to these 
changes. More recently, by employing a Scanning Tun- 
neling Microscope (STM), similar results were achieved 
with a single atom. The Kondo effect of the atom was 
modified through the crystal structure of the host sur- 
face [13, Hi, or through the strain affecting the atom 
environment (l2. 13|. 

Following the seminal point-contact study by Yanson 
et al. [iJ], the ASK resonance has also been observed 



on rare occasions in well-controlled two-terminal devices 
where a single atom adsorbed onto a metal surface is 
brought into contact with the tip of an STM. Surpris- 
ingly, the ASK resonance was shown to be little af- 
fected by structural changes induced by the tip-atom con- 
tact [isl - flTt . Motivated by this apparent discrepancy, we 
revisit in this Letter the tip contact with a Co atom on 
Cu(lOO). We show, unlike Neel et al. [l5|, that atomic re- 
laxations produced by the tip displacement continuously 
affect both the ASK resonance and the conductance prior 
to and after tip contact. A reproducible exponential vari- 
ation of the ASK line width with the conductance is evi- 
denced and explained through an Anderson-based model. 



Our findings demonstrate that the Kondo effect of single 
atoms adsorbed on a metal surface, and more generally 
their magnetism, may be tuned via the ballistic conduc- 
tance of the junction. 

An STM operating at 4.6 K in the 10~^^ mbar range 
was used for the measurements. The Cu(lOO) was 
cleaned by sputter /anneal cycles, while single Co atoms 
were evaporated on the cold surface by heating a high- 
purity cobalt wire. Etched W tips were cleaned by sput- 
ter/anneal cycles and coated with copper in vacuo by 
soft indentations into the clean Cu(lOO) surface. Tip sta- 
tus was monitored through STM images and controlled 
tip-atom contacts in order to select tips terminated by 
a single-copper atom [l^. The differential conductance 
spectra, dl /dViV), where V is the sample bias measured 
with respect to the tip and / is the tunneling current, 
were acquired via lock-in detection with a bias modula- 
tion of amplitude 2 mV rms, or less, and a frequency 
close to 700 Hz. 

Figure [TJa) presents the evolution of the conductance 
(G = I /V) for two given copper-coated tips as they are 
vertically displaced towards the center of a Co atom on 
Cu(lOO) [inset of Fig. [Tfa)]. A tip displacement (noted 
z hereafter) of z = defines the boundary between the 
transition regime {z > 0) and the contact regime (z < 0). 
In the transition regime, electrons tunnel between the tip 
and the substrate, but the conductance is influenced by 
atomicscale relaxations [l^, |3 113 ! structural relax- 
ations vanish once z > 1 A [not shown in Fig. HJa)]. 
The z = boundary is deduced through the contact 
conductance (Gc), which is determined following a ge- 
ometrical approach described elsewhere (20j . An aver- 
age of (Gc) = 0.84 ± 0.09 (in units of 2e'^/h) is found 
for Co/Cu(100) from the statistical survey presented in 
Fig.[TJb). The contact formation between the tip and the 
Co atom is therefore highly reproducible and reversible. 
This follows from the larger stiffness of the atom bond 
to the surface compared to the pristine surface [l^. In 
Fig.[TJc), we present the evolution of the Kondo effect of 
Co/Cu(100) in the presence of a copper-coated tip. To 
do so, we freeze the geometry of the junction by opening 
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FIG. 1. (color online). Evolution of the ASK resonance 
with conductance, (a) Typical conductance versus tip dis- 
placement for two tips above a Co atom on Cu(lOO) (V = 
—200 mV) and linear fit to G(z') in the contact regime (see 
text). The vertical dashed line is positioned at z = where 
G = Gc- Inset: Constant-current image of Co and Au atoms 
on Cu(lOO) (13 X 13 A^, -200 mV, 1 nA). Apparent heights 
are 1.1 and 1.2 A for Co and Au, respectively. The contact 
conductances amount to 0.84 and 0.72, respectively, (b) His- 
togram of Gc for roughly 100 tips, (c) dl/dV spectra from 
tunnel (solid light-grey lines) to contact (solid black lines), 
including spectra in the transition regime affected by atomic 
relaxations (solid dark-grey lines). All the data is fully re- 
versible with tip displacement. 



the feedback loop at selected conductances and acquire 
a dl/dV spectrum. These conductances correspond m 
Fig. lUc) to the value of the dl/dV at -200 mV. Several 
orders of magnitude for the conductance were covered 
in this way, corresponding to a tip excursion of about 
5.5 A. In Fig. [Ijc), we focus on the final 2 A where sub- 
stantial spectral changes are evidenced. An ASK reso- 
nance is detected at the Fermi level, but compared to the 
previous study 
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the line width evolves continuously 
with increasing conductance. The color code employed in 
Fig. [He) reflects the different spectral regimes described 
in detail hereafter. 

The resonance in the transition and tunneling regimes 
{z < 0) is shown in Fig. [DJa), and may be described by 



a Fano line dl/dV oc (g + e)V(l + e^) l2l|, l22|, where 
e = {eV — eK)/kBTK] q and ek are the asymmetry pa- 
rameter and the energy position of the resonance, respec- 
tively. The full width at half maximum (FWHM) of the 
ASK resonance is therefore equivalent to 2fcB7k. The 
resonance is detected as a steplikc feature with a Fano 
parameter ranging from q = 2.9 to 4.7 up to G = 0.43 
[light-grey spectra in Fig. dja)], which corresponds to 
z = 0.5 A. Starting here, the Fano parameter increases 
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FIG. 2. (color online). ASK resonance up close, (a) dl/dV 
spectra near the tunnel-to-transition regime. Spectra are 
renormalized by the conductance where the feedback loop was 
open (indicated on the figure). The solid lines are Fano fits as 
described in the text and q is the corresponding Fano param- 
eter of each single fit. The ASK resonance is centered close to 
ek = — 1 meV. (b) dl/dV spectra in the contact regime. The 
solid orange line corresponds to the Frota function described 
in the text. We have included spectra acquired with two other 
tips (gray dotted lines, vertically displaced upward by 0.005; 
light-gray dotted lines displaced downward by —0.005). The 
spectrum acquired in contact with a non-magnetic Au atom 
on Cu(lOO) is featureless. The vertical dashed line is posi- 
tioned at zero bias. 



rapidly until at G = 0.67 (z = 0.25 A) the ASK line 
shape becomes peaklike [dark-grey spectra in Fig. [^IJa)]. 
Interestingly, the Kondo effect of Co has been studied 
on various copper surfaces by tunneling spectroscopy 
and shown to be diplike on Cu(lll) (corresponding to 



q = 0) [I6j,l23|, steplike on Cu(lOO) (g ~ 1) l23|, or peak- 
like on Cu(llO) (q > 1) The spectral line shape 
is therefore sensitive to modifications of the surface elec- 
tronic structure (22j . which imply also changes for the 
impurity d-band structure. We then assign the changes 
of q in Fig.[2ja) to a modification of the Co and Cu(lOO) 
electronic structure induced by the tip proximity. A mi- 
croscopic description of the changes observed for q would 
require an atomistic approach [2J,|25| beyond the scope 
of the present study. 

As shown in Fig. [H^b), the spectral line shape re- 
mains peaklike in the contact regime up to the high- 
est conductances explored. A very satisfying agreement 
is found between our dl/dV data and simulations of 
the Kondo line shape [solid line in Fig. [Hb)] carried 
out with a Frota function [2^, which closely reproduces 
the exact solution that can be obtained with numerical- 
renormalization group theory (27| . Along with Co, we 
also monitored the dl/dV spectra on non-magnetic Au 
and Cu atoms, where, as expected, no ASK resonance is 
present [Fig. (Hb)]. 

The changes in the line shape are also characterized 
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FIG. 3. (color online). Evolution of the Kondo temperature, 
(a) Tk versus tip displacement. The solid lines correspond 
to the fits described in the text. The Kondo temperature 
was extracted by Fano fits [see Fig. HJa)], or, alternatively, 
by measuring in the contact regime the FWHM of the ASK 
resonance, (b) Tk versus conductance for various tips. The 
vertical dashed line is positioned at G = Gc. Tk is the Kondo 
temperature at z = and experimentally determined to be 
close to 300 K for all tips employed. Inset: Tk in the contact 
regime for five tips labeled 1, 2, 3, 4, 5 which have, respectively, 
a contact conductance of Gc = 0.87, 0.90, 0.91, 0.90, 0.85. The 
solid line in the contact regime corresponds to the fit described 
in the text. 



by a concomitant increase of the FWHM, hence of Tk, 
which we plot in Fig. Ela) as a function of tip displace- 
ment. For all tip apices employed, in the tunneling 
regime we find Tk = 90 K in agreement with previous 
studies [ill, [2^. Starting from z = 0.5 A however, Tk in- 
creases and rapidly reaches a temperature close to 300 K 
at z = 0. In the contact regime (z < 0), Tk increases ex- 
ponentially with z, but is tip-dependent. For some tips, 
values up to 650 K are found at z = —0.6 A (higher 
tip excursions resulted in tip instabilities). The maxi- 
mum value found for Tk is close to the one for Co in 
bulk copper p7l . 34 1, despite the lower coordination of 
Co in our junction |35| . Quite remarkably, the expo- 



nential dependency of the Kondo temperature on G is 
instead reproducible as shown in Fig. |3|b) for a collec- 
tion of tips. To further exemplify this. Fig. [2jb) shows 
ASK resonances acquired with other tips (solid light gray 
and gray lines). The exponential dependency holds in 
the transition regime and eventually breaks down below 
G = 0.4 (z = 0.5 A). When moving to even lower con- 
ductances, Tk slightly increases again. 

In view of our findings, heating effects play a minor 
role in the changes observed for the resonance line width. 
Firstly, the line width starts increasing in the transition 
regime where heating effects are negligible (2^ . Secondly, 
if heating were significant in the contact regime, the line 
shape of a dl/dV spectrum would profoundly differ from 
the predicted spectral function [i. e. Frota simulation in 
Fig. mb)] as heating is a bias-dependent effect. If we 



recall the typical length scales involved in the Kondo 
screening (^k) and in the inelastic scattering, it is not 
surprising that T <C Tk- The spatial range of the Kondo 
effect for Co/Cu(100) is in fact £k = fivp/ksTK ~ 30 nm 
(vf- Fermi velocity of copper) [29[. At this reduced scale, 
inelastic electron-electron scattering is responsible for the 
temperature of the electronic bath |30l432| , the scattering 
length amounting then to ^e-e = vpTe-e, where t~^^ is 
the energy- dependent scattering rate [s^ . For the biases 
employed, ^e-e is equivalent to at least 900 nm, in other 
words the inelastic scattering of electrons is negligible as 

To understand how Tk relates to G, we treat the 
Kondo effect of a single Co impurity within an effective 
spin-1/2 Anderson impurity model without orbital de- 
generacy 21 1 , where the Kondo temperature is (s^ . [36| 
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This equation relates the Kondo temperature Tk to 
the on-site Coulomb repulsion J7, the half width of the 
hybridized d-lcvel T and its energy e. Density func- 
tional theory (DFT) is used to map the "real" system 
[e.g. Co/Cu(100)] onto the spin-1/2 effective Anderson 
model [21[. e and U are determined through the band 
structure of Co by estimating the d-level occupation and 
the exchange splitting between majority and minority d- 

1^ 371, these bands 



bands. Based on existing DFT [IE 
shift in energy when strain is exerted onto Co through a 
tip displacement. Since T is nearly constant (see below), 
the main contributions to an increased Kondo tempera- 
ture in Eq. ^ come from changes in e and U that are 
driven by the forces acting between the Co atom and 
the tip- apex atom. The changes we detect in Tk, and 
presumably also in the Fano parameter g, indicate that 
adhesive forces set in at least 0.5 A prior to contact in 
agreement with previous studies [illlil. 

To quantify the impact of tip displacement on F, we 
have determined in Fig. |4] the relative s — d coupling of 
the atom to the surface (F^) and tip (Ft) based on the 
magnitude of the differential conductance at the Fermi 
level. In the limit of T < Tk [sl^, which is fulfilled 
here, we have 



di/dv{v = 0) « (4rtr3)/(r, + r*)' + {di/dvu (2) 

(in units of 2e^/h). The first term accounts for the ASK 
resonance, while the second term corresponds to a back- 
ground contribution and amounts to at least 90% of the 
total conductance [Fig. [TJc)]. A majority of electrons 
have therefore a ballistic conductance with a transmis- 
sion most likely governed by the 4s state of Cu and the 
3d and 4s states of Co. Only a minor fraction of the 
overall electrons is instead affected by Kondo correla- 
tions (Gc is in fact little dependent on bias). This is 
favored in our setup by the small Tt/Ts ratio of 3% or 
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FIG. 4. (color online). Relative coupling Tt/Tg for various 
tips. The vertical dashed line is centered at z = 0. 



lower reported in Fig. |4l This ratio smoothly increases 
from tunnel to contact, but only the weaker coupling Ft 
changes significantly so that the overall F is practically 
unaffected by the tip displacement. The total coupling is 
constant and F = Fj + Ft ~ Fj. This setup recalls that 
of a mechanically-controlled break-junction device with 
asymmetric lead couplings 0. 

To fully link Eq. ^ to our experimental observations, 
we need first to formally express the changes in Tk with 
the (i-band structure of Co, hence with z. We introduce 
the occupation of the d-level n, which in the spin-1/2 
effective Anderson model can vary between (empty or- 
bital) and 2 (double occupancy). The Kondo regime cor- 
responds to 0.8 < n < 1.2 4lJ with approximately one 
unpaired electron in the d level. In the tunneling regime, 
n is estimated between n = 1.16 [l^l and n ~ 0.91 [111 
for Co on Cu(lGO). In the contact regime, the d-level 
occupation is unchanged [l5l | or increases slightly due to 
a downward shift of the minority d-band [sJl , but cannot 
increase to higher values than 1.2 in order to preserve 
the Kondo physics. Following then Ujsaghy et al. 2l|, 
we relate e and U by n ~ —tjU + 1/2 and remark that 



the range of possible values for the tjU ratio is there- 
fore strongly reduced. In the following, we suppose then 
that the e/C/ ratio is constant [13] . This translates into 
a simplified expression for Eq. ([1} 



ln(rK/rK,c) ^ (e - ec)/f = (-/3K/f)z, 



(3) 



where F = 2F/7r(1.5 — n) and Tk.c is the Kondo temper- 
ature at z = [43|. Equation ^ explicitly shows that 
the c?-band displacement relative to the equilibrium posi- 
tion at z = (noted ec) exponentially changes the Kondo 
temperature in the contact regime. Remarking that this 
band shift is driven by changes in the Co-Cu distances 
due to the tip displacement, we have expressed e(z) — ec 
within a tight binding approximation. The transfer inte- 
gral is approximated by —/Skz [4j|, /3 being proportional 
to the cobalt d bandwidth and k a structure dependent 
decay constant; in transition metals, k is related to the 
bulk modulus and is 1 A^^ or higher [i^. As /3 and f 
relate to properties of the Co atom, the tip dependency 
evidenced in Fig.[3Ja) is carried by k. On average wc find 
a slope of Pk/T = -1.2 ± 0.1 A'^. From the band shift 



e — Cc predicted by DFT in the contact regime we esti- 
mate I3k « 0.5 eVA~^ [l^, which, based on our findings, 
would then yield a reasonable s — d coupling of F « 0.3 eV 
for a d- level occupation of n ~ 1. 

We may now link Tk to the conductance in the con- 
tact regime. As mentioned above [see discussion based 
on Eq. ([2])], the conductance is mainly governed by bal- 
listic electrons. We then express the dependence of G on 
z within a linear expansion G/Gc = 1 + kqz, where the 
decay constant is kq = {dG/dz)z=a/Gc- This decay con- 
stant is extracted from G{z) [dashed lines in Fig. [I^a)] 
and is tip-dependent. The average value for the tips em- 
ployed amounts to kq ~ 0.45 A^^ so that kqz <C 1 for 
the tip displacements considered here. By substituting 
this expression for G in Eq. ([3|) we arrive then to 



ln(TK/TK,c) = (/?/f)(«/Ko)(G/Gc - 1). 



(4) 



We have used Eq. ^ to fit the data of Fig. [Sjb) (solid 
line) and find that (/3/f)(K/Ko) = 2.4 ± 0.1 for aU tips 
employed. From the data, we extract kq ~ 0.5 A~^, 
which is consistent with the previous estimate. Al- 
though K and Kq are tip dependent, the changes of Tk 
with G are not, which indicates that the ratio between 
the two decay constants must cancel out the tip depen- 
dency. More generally, our findings show that in this 
regime the d-band of Co/Cu(100), and therefore Tk, can 
be exponentially tuned through the conductance of the 
junction, regardless of tip structure. This follows from 
the highly reproducible contact geometry, and hence re- 
producible Gc, achieved with this experimental setup. 
The above relation also applies in the transition regime, 
but only over a finite conductance range as kq increases 
due to the presence of the tunneling barrier. We find 
in fact Kq = 2.15 A~^ in the tunneling regime where 
G oc cxp(— kq-^), which then limits the validity of Eq. (j4]) 
to G > 0.6. For a full description of the transition regime, 
an analytical expression of G{z) would be needed. 

In summary, by engineering a well-defined quantum 
point-contact with an STM, we have shown that the 
Kondo effect of a single Co atom may be exponentially 
tuned through the otal conductance of the junction. This 
follows from the atomic relaxations present in the junc- 
tion, which provide a link between conductance and 
Kondo physics. Our findings should apply to other single- 
impurity Kondo systems and, more generally, open the 
interesting perspective of controlling, and even activating 
the magnetism of single impurities on surfaces through 
the conductance. 
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